There is considerable interest in the development of a vaccine for human malaria, and a number of potential antigens have been identified (13) . However, the evaluation of such antigens inevitably has to rely on indirect evidence, such as recognition by monoclonal antibodies or immune sera or reactivity with particular T-cell populations in vitro, and in the present state of knowledge none of these reactions is guaranteed to predict protection in vivo. The mouse model of malaria allows candidate antigens to be tested in vivo on a large scale for their effects both on antibody and cellular immunity and, most relevant of all, on protection against challenge infection.
We have previously shown that mice could be protected against lethal blood-stage Plasmodium yoelii malaria by a crude Formalin-fixed vaccine (9) and by a purified 230,000-Mr merozoite protein (10) and that both preparations also primed the mice for a strong helper T-cell response, as measured by the antitrinitrophenyl (anti-TNP) response to TNP-coated parasites. We subsequently showed that a Triton X-100 lysate of parasitized erythrocytes was also highly protective (7) . Two-dimensional gel analysis of biosynthetically labeled Plasmodium falciparum proteins has shown that lysates of the asexual blood forms contain several hundred separate polypeptides (5, 14) . In the present study we have subjected our P. yoelii lysate to isoelectric focusing (IEF) over the pH range 3 to 10 as a first step in identifying the antigens responsible for protection and for T-cell priming. The results suggest that the two activities are closely correlated, at least in the case of some antigens, but that several different antigens may be capable of protection in this model. This approach, which does not depend on the use of monoclonal antibodies or T cells to select potential antigens, should make it possible to identify the most suitable antigens for vaccination without prior knowledge of the immune mechanism by which they act.
MATERIALS AND METHODS
Mice. (BALB/c x C57BL) Fl hybrid mice were bred in our laboratory from parent strains supplied by the National Institute for Medical Research, Mill Hill, London, U.K.
Mice of both sexes were used at 10 to 14 weeks of age. * Corresponding author.
Parasites. The lethal strain YM of P. yoelii was obtained from D. Walliker (University of Edinburgh, Edinburgh, Scotland). This parasite gives rise to a rapid parasitemia in our mice, resulting in deaths by day 9. Parasites were maintained by weekly blood passage. Infections were initiated by intravenous injection of 104 parasitized erythrocytes, and parasitemias were counted on Giemsa-stained tail blood films.
Vaccine preparation. A Triton X-100-soluble lysate prepared from heavily parasitized erythrocytes was used as a vaccine and as the starting material for IEF. Details of the procedure were described previously (7) . Briefly, a saponinlysed preparation of infected erythrocytes (more than 90% schizonts) was solubilized in a Triton X-100 extraction buffer for 3 h at 4°C. Insoluble debris was removed by microfuging at 8,000 x g for 10 min. The clear supernatant was dialyzed against distilled water for IEF or against phosphate-buffered saline for vaccination.
Vaccination. Mice were given two intraperitoneal doses of 25 ,ug of protein (lysate or IEF fraction) combined with 25 ,ug of saponin HP3, 2 weeks apart, followed 3 weeks later by challenge with 104 viable parasites (for protection studies).
Alternatively, mice were given a single dose of 1 jig with 25 ,g of saponin (for T-helper studies).
IEF. Lysates prepared in a sucrose density gradient (5 to 50%) containing 4.5% Ampholine were fractionated in a 110-ml vertical LKB IEF column, following the instructions in the LKB manual (LKB 8100 Ampholine Electrofocusing Column). Usually, 2 ml of lysate, containing 30 to 60 mg of protein, was mixed with 5 ml of Ampholine, and 3 ml of this mixture was added to a dense (50%) or a light (5%) sucrose solution. Each of these solutions was finally made up to 55 ml with distilled water. A 5-to-50% gradient solution was introduced into the focusing column via a gradient former. The Ampholine mixtures used were pH 3 to 10 (broad range) and pH 3.5 to 5, 5 to 8, 7 to 9, and 9 to 11 (narrow ranges). Electrofocusing was carried out for 48 h using a power of 5 W, a current of 10 mA, and a variable voltage. The apparatus was cooled with a supply of coolant pumped through the cooling jackets. On completion, 3-ml fractions (25 to 30) were collected, and their pH was measured. Fractions were then dialyzed against phosphate-buffered saline overnight at 4°C to remove the sucrose and Ampholines, after which the IMMUNIZATION OF MICE AGAINST P. YOELII MALARIA optical density at 280 nm (OD280) was read on an LKB spectrophotometer. Judged by this assay (1-cm quartz cell; 0.1 A280 unit equaled 0.1 mg/ml), recovery of protein from the whole procedure was 75 to 80%, while the average yield of protein from 1010 erythocytes was 13 mg (nonparasitized) and 105 mg (schizont parasitized). Thus about 88% of the protein in our parasite lysates was of parasite origin. However, we noticed that, while estimates of the protein content in the whole lysate by spectrophotometry agreed with those obtained with the Bio-Rad protein assay kit (Bio-Rad Laboratories Ltd., Caxton Way, Watford Business Park, Watford, Hertfordshire WD1 8RP, U.K.), the IEF fractions consistently gave lower readings with the Bio-Rad method, which is based on binding to Coomassie blue (1), the difference being about sixfold. This may reflect differences in the amino acid composition of particular antigens, and we have used the OD280 values in calculating the doses used for vaccination, which may therefore be overestimates.
T-helper assay. Parasitized erythrocytes were labeled with TNP as described in detail previously (8) . Briefly, parasitized blood with at least 50% parasitemia was washed three times in phosphate-buffered saline. The washed cells were labeled with 2,4,6-trinitrobenzene sulfonic acid at a concentration of 5 mg/ml in 0.28 M cacodylate buffer (pH 6.9).
Packed cells (1 ml) were added to 7 ml of 2,4,6-trinitrobenzene sulfonic acid solution with mixing, and the reaction was allowed to continue for 30 min at room temperature. The reaction was stopped by the addition of cold phosphatebuffered saline, and the coated cells were washed until the supernatant was clear of TNP (yellow color). Four days after intravenous injection of 105 TNP-coated-P. yoelii-parasitized erythrocytes, the mice were killed, and their spleens were tested for anti-TNP immunoglobulin M plaque-forming cells, using the method of Cunningham and Szenberg (3). TNP-labeled sheep erythrocytes were used as detector cells. This assay has been shown to reflect parasite-specific helper T-cell activity (8) .
Statistics. The relationship between protection and Thelper priming was tested in two ways, by analysis of variance and by Spearman's rank correlation test. Conventional regression analysis is not appropriate because of the nonlinearity of the data for protection and mortality.
RESULTS
Strength of protection by vaccines. We have previously shown that recovery in mice protected by vaccination with parasite lysates falls into two patterns: parasitemias were cleared by day 8 to 12 or around day 17 to 20. We refer to these as "early" and "late" protection, respectively (7). In each group of three mice, the protection patterns were found to be of seven types: 3E (three early), 2E 1L (two early, one late), 1E 2L, 3L, 2L 1D (two late, one died), 1L 2D, or 3D. We feel this notation offers the best way of quantitating the strength of protection in our model.
Protection by IEF fractions. In preliminary experiments, three separate lysates were focused using the broad-range Ampholines (pH 3 to 10). Figure 1 illustrates a typical experiment, showing that a substantial proportion of the protein focused in the pH 4.1 to 4.6 range, while the protective activity was found not only in this region but also in a second peak around pH 6.5 to 7.2 and a third at pH 7.8 to 8.3. These three major peaks were separated by regions with partial or no protective activity. All three experiments gave closely similar results.
Twelve lysates were then focused, using the narrow-range Ampholines (three times each), and the results (obtained with >500 mice) confirmed the existence of three main protective regions (Fig. 2) . Only in the first peak (pH 4.2 to 4.4) were fractions found which always gave 100% protection, but fractions of pH 6.4 to 6.6 and pH 7.8 to 8.0 consistently gave better than 75% protection. In general, early and late protection were found in the same regions, though the pH 4.8 to 5.2 and pH 6.0 to 6.4 fractions seemed to give predominantly the late type of protection. Lysates prepared from nonparasitized erythrocytes yielded only about 12% as much protein as the same number of parasitized cells, though again much of this was in a peak at around pH 4.5 (not shown). These lysates did not have any protective activity, nor did fractions from the pH 4.2 to 4.4 region.
No differences were observed between male and female mice in protection by the lysate or by IEF fractions.
T-helper-cell priming by IEF fractions. Because of slight differences in the response to different batches of TNPcoated-P. yoelii-parasitized erythrocytes, the TNP plaque- Vaccination and challenge were as described for Fig. 1 . Each column, corresponding to a range of 0.2 pH unit, represents 12 to 30 mice and shows the percent of mice with early (solid) or late (shaded) protection. forming cell responses in mice vaccinated with IEF fractions in each experiment were always expressed as a percentage of the plaque-forming cell response induced by the lysate from which they were derived. T-cell priming close to or greater than that induced by the lysate was only induced by IEF fractions in the pH regions around 4.3, 6.5, and 8 (Fig.  3) . A comparison of Fig. 3 with Fig. 1 and 2 shows that these were also the most protective regions.
Correlation of T-helper priming with protection. In Fig. 4 the strength of protection is plotted against the helper-T-cell priming response for 132 separate IEF fractions. Figure 4A shows the individual points, and Fig. 4B gives the means ± standard error of each group. It is evident that for the better-protected groups (3E to 3L) the two parameters correlated closely, but that in the less well-protected groups, where the late pattern of protection predominated (2L 1D to 3D), this correlation, though highly significant overall, was not so strong.
We noticed that many of the poorly correlated points came from fractions in the pH 6.5 to 8 range, and Fig. 5 , which shows the results separately from the three main protective regions, confirms this. With fractions from the most acidic protective regions, the correlation between T-helper priming and protection was excellent, whereas the region from pH 6 to 7.4 showed slightly lower, but still significant, correlations. Evidently some of the protection induced by antigens in this region was not associated with strong T-cell priming, and conversely, some moderately strong T-cell-stimulating antigens were not protective. DISCUSSION One clear conclusion from these experiments is that a minimum of three different antigens are able to protect against blood-stage P. yoelii malaria. It is unlikely, though possible, that each of the three peaks shown in Fig. 2 contains only one protective antigen, so the total number of protective antigens is probably much higher. It is also possible that all three peaks represent processed or breakdown products of the same antigen. The fact that no fraction is consistently as effective as the same amount of the whole lysate (which always gave 100% early protection) suggests either that there are other important antigens that do not focus on our column or, more likely, that the strongest I   £0  2E  IE  IL  2L  3L  2L  IL  1D   2D  3D   PROTECTION   B   I   £E  2E  IE  1L 2L  3L  2L  IL Each point represents a group of three vaccinated mice tested for T-cell priming (as for Fig. 3 ) and another group of three mice injected with the same IEF fraction and tested for protection (as for Fig. 1 and 2 ). (B) Mean ± standard error of each of the seven grades of protection (E, early; L, late; D, died; see text). By analysis of variance, F = 21.76 (P < 0.001); Spearman's R = 0.683 (P < 0.001).
protection requires the additive or synergistic effect of more than one antigen. We have not, however, been able to demonstrate this convincingly so far between fractions, though it may well be operating within them. But, as already mentioned, the OD280 may be overestimating the protein content of our fractions, and it is possible that with more protein the best fractions might become as protective as the lysate. It is difficult to evaluate which of our protective fractions contain the antigens reported by others to be protective, since these are usually classified by molecular weight rather than isoelectric point (13) . However, it is noteworthy that a considerable number of the parasitespecific proteins of the simian parasite Plasmodium knowlesi focus at around pH 4.5 (12) , and soluble, heat-stable antigens of P. falciparum also have pl's in this region (2, 18) . A soluble, heat-stable antigen has been isolated from P. yoelii, but its protective effect was not tested (15) .
A second conclusion is that the most consistently protective antigens appear to stimulate helper T cells. fractions, which as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (not shown) still contain up to 10 separate protein bands, have been further separated on a molecular-weight basis. These experiments are now under way. Meanwhile, it is interesting that the correlation between protective activity and T-cell stimulation was stronger with one of our groups of antigens than with the other two. In preliminary experiments (not shown) we have found that the induction of delayed-type hypersensitivity by IEF fractions correlates closely with the priming of T-helper cells as recorded here, so that the induction of delayed-type hypersensitivity is unlikely to correlate any better with protection than T help does. Passive cell-transfer experiments have shown that both immune T and immune B cells can transfer protection against P. yoelii YM (4), which is consistent with our findings of protection without strong T help in some fractions. It may be, therefore, that the antigens of our second and third groups (pH 6.5 to 8.4) owe their protective effect mainly to an effect on B cells or T cells alone, whereas those in the first group (pH 4.2 to 4.4) act by stimulating T cells for both the antibody response and delayed-type responses-for example, the activation of macrophages and other non-specific cells to produce parasitotoxic factors (11)-and also stimulating B cells. We do not yet know whether different antigens in this group of fractions are responsible for T-and B-cell priming, or whether, as in the case of the well-characterized circumsporozoite antigen of P. falciparum, T-and B-stimulating regions are present on the same molecule (6) .
It seems likely, however, that the most effective antigens for vaccinating against human blood-stage malaria will also be those which stimulate both T and B cells. Screening of antigens is clearly not so easy as in the mouse model, though to some extent they can be analyzed in mice (6) , and another approach that shows promise is the measurement of the response to candidate antigens in vitro by lymphocytes from immune versus nonimmune patients (16, 17) . We predict that the best antigens would be those in which the response involves both T and B cells, which could be demonstrated by, for example, the degree of sensitivity of the proliferative response to inhibition by anti-T-cell sera.
